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Impedance measurements are crucial methods of characterization in numerous fields, in-
cluding semiconductors, battery technology, and medical applications. Murata Electron-
ics Oy utilizes impedance meters for the testing of capacitive micro-electromechanical
system (MEMS) elements used in inertial sensors. Determination of capacitance and se-
ries resistance is a key part for detecting defective elements and ensuring the quality of
products. Murata has developed their own digital auto-balancing impedance bridge to
better fulfill their testing requirements and reduce costs. This work focuses on validating
this meter for MEMS wafer testing with a probing system, which is capable of measur-
ing four MEMS elements in parallel. The accuracy of the instrument was assessed with
individual Gage R&R variance studies for a single-channel and a multi-channel configu-
ration. In addition, results are compared to Keysight E4980A impedance bridges. Results
indicate that the 6σ of gauge variation is within 10% of specified element tolerance limits
when measuring static capacitance. Average relative error of capacitance compared to
E4980A results was found to be 1.5%. The meter was not found quite as adequate for
measuring the more challenging parameter, series resistance, with tolerance percentages
largely exceeding 30%. Future investigation to impedance vector phase noise reduction
and optimization of measurement parameters is suggested.
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Impedanssin mittaus on tärkeä karakterisointimenetelmä useilla aloilla, mukaan lukien
puolijohteet, akkuteknologia sekä lääketieteen sovellukset. Murata Electronics Oy käyt-
tää impedanssimittareita kapasiitiivisten mikroelektromekaanisten (MEMS) elementtien
testaamiseen, joita käytetään kulmanopeus- ja kiihtyvyysantureissa. Kapasitanssin ja sar-
javastuksen määrittäminen on keskeinen osa vikojen havaitsemista ja tuotteiden laadun
varmistamista. Murata on kehittänyt oman digitaalisen autobalansoivan impedanssimit-
tarinsa täyttääkseen paremmin testausvaatimuksensa ja vähentääkseen kustannuksia. Tämä
työ keskittyy mittarin validointiin MEMS kiekkotason testaukseen käyttämällä testausjär-
jestelmää, joka kykenee mittaamaan neljää MEMS-elementtiä rinnakkain. Mittarin tarkku-
utta arvioitiin yksikanavaisen ja monikanavaisen konfiguraation Gage R&R varianssiana-
lyyseillä. Lisäksi tuloksia verrattiin Keysight E4980A impedanssimittareihin. Tulokset
osoittavat mittarin 6σ variaation olevan alle 10% määritellyistä elementin toleranssir-
ajoista staattista kapasitanssia mitattaessa. Kapasitanssin keskimääräinen suhteellinen
virhe verrattuna E4980A:n tuloksiin oli 1,5%. Mittari ei osoittautunut yhtä sopivaksi
haastavamman parametrin, sarjavastuksen, mittaamiseen, sillä toleranssiprosentit pääosin
ylittivät 30%. Tulevaisuudessa suositellaan tutkimaan imepdanssivektorin vaiheherkkyy-
den vähentämistä ja mittausparametrien optimointia.
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LIST OF SYMBOLS AND ABBREVIATIONS

Symbols

µ step-length
φ phase
ω frequency
σ standard deviation
σ2 variance
C capacitance
Rr reference resistor
Ve error voltage
W0,W1 weights used by the LMS algorithm
Vr reference voltage
Vx adjusted voltage
Zx unknown electrical impedance

Abbreviations
ANOVA analysis of variance
ADC analog to digital converter
CsRs series capacitance and resistance
DAC digital to analog converter
DDS direct digital synthesis
DF degrees of freedom
DIB digital impedance bridge
DUT device under test
FPGA field-programmable gate array
Gage R&R gage repeatability and reproducibility
LCR inductance, capacitance, resistance
LCL lower control limit
LMS least mean squares
MEMS micro-electromechanical system
MS mean square
MSA measurement system analysis
OSL open-short-load
SS standard deviation
SS sum of squares
UCL upper control limit
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1 INTRODUCTION

1.1 Background

Measuring impedance is an important method for characterizing electrical properties of
devices and materials. Impedance measurements are used in, for example, spectroscopy,
calibration, and imaging in numerous fields, from electronics to medicine. Determining
the impedance allows the derivation of electrical properties such as capacitance, resis-
tance, permeability, and permittivity, which allow further analysis of e.g. the structure
of a semiconductor or biological sample. [1] Various impedance measurement methods
have been developed, but most modern meters are based on the bridge principle, where
the unknown impedance is acquired via balancing an error current between the unknown
and a known impedance. [2]
Digital impedance bridges (DIBs) have been researched for decades and have advanced
rapidly due to developments in hardware and software. While analog technology is widely
used, DIBs provide new opportunities to enhance the accuracy, frequency range, and
adaptability of impedance meters. [3] [4] Murata Electronics Oy has developed their
own DIB, which is implemented with a field programmable gate array (FPGA) circuit
architecture to achieve improved flexibility and more complex data processing, with the
re-programmable logic. [5]
Microelectromechanical systems (MEMS) are devices ranging from micro- to nanometer
scale that utilize both electrical and mechanical structures and have an extensive scope of
applications from inertial sensors and optics to biosensors. MEMS devices have become
widely used due to excellent qualities, such as accuracy, low unit costs, and energy ef-
ficiency. [6] Devices fabricated by Murata Electronics Oy are mainly capacitive inertial
sensors, consisting of accelerometer and gyroscope MEMS, primarily applied for the au-
tomotive industry.
In MEMS fabrication, wafer-level element testing is conducted in order to minimize the
number of defective MEMS elements going through further processing and consuming
additional resources. [7] A crucial way of characterizing the behavior of a capacitive
MEMS element is measuring the capacitance of the device. A number of highly accu-
rate commercial impedance meters are available, but there is incentive to design a dig-
ital impedance bridge tailored for MEMS testing purposes. In an industrial scale, the
resources required by element testing are significant and thus an FPGA-based LCR me-
ter could reduce the cost and time of wafer-level testing. Therefore, in order to replace
commercial meters, the DIB under development must be validated for the intended multi-
channel impedance measurements of MEMS elements with a complete probing system.
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1.2 Objectives and delimitations

The objective of this work is to validate an FPGA-based LCR meter designed by Murata
Electronics Oy for impedance measurements of capacitive MEMS element wafers. This
thesis focuses on the measurement of capacitance and series resistance. The primary
method of validation involves the method of Gage R&R study, with the addition of a
commercial meter serving as a reference point. The main scientific questions are:

1. Is the LCR meter capable of measuring impedance (CsRs) with sufficient accuracy?

2. How is the accuracy impacted when four DUTs are measured in parallel?

3. How accurately does the proposed LCR meter reproduce the results obtained with
the Keysight E4980A meter?

4. What kind of improvements could be made to the measurement system?

This study is limited to static impedance measurements, using series capacitance and
series resistance model and does not include more complex tests, such as bias voltage
sweeps. Only one type of gyroscope MEMS is used as test material.

1.3 Structure of the thesis

This work is divided into eight chapters, with the first three focusing on relevant theo-
retical topics and the latter chapters describing the experimental results and conclusions.
Chapter 2 of this thesis explores the basic theory behind impedance measurements, dif-
ferent methods of measuring impedance and the utilization of an LMS adaptive filter for
impedance measurement applications. Chapter 3 focuses on inertial MEMS sensors, es-
pecially capacitive accelerometers and gyroscopes, and the relevance of impedance mea-
surements from the perspective of MEMS. The fourth chapter elaborates on the measure-
ment system configuration, introducing the proposed DIB and describing the basic com-
ponents and principles of the probing system. The statistical analysis method of Gage
R&R is discussed and general calculation methods are described in Chapter 5 along with
an introduction of the test material. Finally, Chapters 6 and 7 explain the experiments and
discuss the results with conclusions provided in Chapter 8.
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2 IMPEDANCE MEASUREMENTS

This section explains impedance measurements in electrical circuits and components,
highlighting their role in analyzing current-voltage relationships and deriving properties
such as resistance, capacitance, and inductance. It gives a brief overview of common
impedance measurement methods, focusing on the auto-balancing bridge. The text also
illustrates relevant topics of LMS algorithms, equivalent circuit models, and compensa-
tion methods required for impedance meters.

2.1 Impedance

Electrical impedance allows the analysis of electrical circuits and components in relation
to current and voltage and parameters such as resistance, capacitance, inductance, qual-
ity factor, and their reciprocals. The determination of other electrical properties such as
permittivity and permeability further enables the characterization of, for example, elec-
tromagnetic properties of materials. Quantities derived from impedance are crucial in
sensor technologies, where changes in physical quantities are detected through alterations
in electromagnetic properties. [1] For example, capacitive MEMS-sensors detect motion
through changes in capacitance, and one of the most important techniques is the electro-
chemical impedance spectroscopy, which has a variety of applications such as the char-
acterization of batteries and biosensors [8]. The utilization of impedance measurements
in biology has resulted in an entire field of bioimpedance spectroscopy and analysis with
significance from food to the medical industry [9] [10].

Electrical impedance, defined as the total opposition to an electrical current, describes the
relationship between current and voltage. In a direct current circuit, impedance consists
solely of resistance. However, with alternating current, the effects of capacitance and
inductance are reflected in an additional imaginary component: reactance. When circuit
components are in series, complex impedance can be represented as

Z = R + jX, (1)

where Z is impedance, R resistance, and X reactance. Reactance can be divided into
capacitive and inductive reactance, both of which are frequency dependent, respectively:
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Figure 1. Relation of resistance and capacitive reactance on the complex plane.

X = XL +XC = ωL− 1

ωC
, (2)

where L is inductance, C capacitance, and ω = 2πf . The reciprocals of the preced-
ing quantities, admittance, conductance, and susceptance are used to maintain equivalent
representation in parallel cases. [2] [1] Fig. 1 depicts an impedance consisting of only re-
sistance and capacitive reactance, which are equal in magnitude and thus the phase angle
of impedance is -45 degrees. In reality, measured components always contain parasitic
elements and are not solely dependent on the variables presented in equations (1) and
(2). Real components can exhibit dependency over environment-related variables such
as temperature, magnetic fields, and time. In addition, dependencies over frequency and
signal level are significant when finding the appropriate measurement parameters for the
specific type of a device under test (DUT). [2]

2.2 Impedance measurement methods

To accommodate the wide range of implementations, there is a number impedance mea-
surement methods with their own advantages and purposes, especially regarding types of
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DUTs and frequency ranges. The focus of this thesis is the auto-balancing bridge method.
However, some of the most common measurement methods are briefly introduced.

The most straightforward ways to measure impedance are the I-V methods, which rely
on simply measuring the voltage over the DUT and the current over a known resistor.
The magnitude of impedance is defined as the ratio of the two quantities: |Z| = V

I
.

Other components such as transistors can be utilized as the reference impedance to opti-
mize measurement. Phase information can be extracted with phase-sensitive meters. The
advantage of the I-V method is that it is a simple principle which allows for easy imple-
mentation and use. However, the frequency range is typically limited between 10kHz to
100MHz in the case where a transformer is used in the circuit. Techniques such as the
two-voltage method improve upon the principle of the I-V method with additional voltage
measurements that can be carried out with a single switchable voltmeter. [1] [2].

Bridge methods are the most widely used techniques of measuring impedance and can be
considered a more advanced version of the I-V method. They are based on the Wheatstone
bridge model [11], which is depicted in Fig. 2. Any of the four resistances Rn in the circuit
can be solved if the other three resistances are known. The ratios of the resistances on both
sides of the circuit are detected with a current or voltage detector D. The voltage of the
generator G is adjusted until the bridge comes to an equilibrium and there is no potential
difference between the left and right side of the bridge. Thus, no current is flowing to the
meter and the unknown resistance can be calculated.

Figure 2. Wheatstone bridge. [1]



13

The resistors can be replaced with any impedance. There is a vast number of variations
of the Wheatstone bridge utilizing different configurations of components and balancing
methods, such as transformer bridges, the Wagner balance bridge, the Kelvin bridge, and
the Wien bridge. Bridge methods are typically quite accurate and simple to configure, but
a singular bridge suffers from a narrow frequency range. The basis of most LCR meters
is the auto-balancing bridge method, where the bridge is automatically balanced with a
feedback loop. They are in most cases equipped with a tunable reference impedance and
achieve quite a wide frequency range up to 120MHz. The technique is discussed more in
detail in section 2.3. [1] [2]

The resonant method utilizes the resonance of reactive components to determine impedance.
For example, inductance can be determined by adjusting the opposite reactive impedance,
capacitance, until resonance is achieved between the reactive components. Inductance
can then be resolved from the test frequency, capacitance value, and impedance magni-
tude. Numerous circuit configurations are used to accommodate for differrent needs of
impedance measurements, enabling a frequency range of 10kHz to 70MHz. The resonant
method is typically preferred for measuring Q-values rather than impedance. [2]

Network analyzers offer yet an other approach by exploiting the signal reflected from
the DUT, which is proportional to the impedance of the DUT [12]. A network analyzer
mainly consists of a signal source, detectors, and power splitters and directional couplers
that split signals. The impedance of the DUT is then calculated through the ratios of
the input signal and the signals passing through and being reflected from the DUT. The
greatest advantage of network analyzers is the immense frequency range available for use,
especially with higher frequencies. However, re-calibrations are required at quite small
frequency intervals and thus the range of impedance measurements is narrower. [1]

2.3 Auto-balancing bridge method

The auto-balancing bridge method has been chosen in the design of the LCR meter dis-
cussed in this thesis due to its flexible frequency and impedance range, high accuracy,
and general adaptability for an automated digital meter. The method is an extension of
the bridge method where impedance of a DUT Zx is acquired via known impedances but
does not require manual balancing.

A basic auto-balancing LCR bridge consists primarily of signal generators, a reference
resistor, and a null detector section as described in Fig. 3. The reference resistor could
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be replaced by any reference impedance, but a resistor is usually the optimal choice as
it simplifies the calculations. The AC generators feed one excitation signal, Vr, to the
DUT and a second signal, Vx, to the reference resistor Rr side. The null detector detects
voltage Ve at the balancing point between the DUT and the reference resistor. This error
voltage is determined by the currents Ix = Vr

Zx
trough the DUT, and Ir =

Vx

Rr
through the

resistor. When Ix and Ir are equal, Ve = 0 and the bridge is considered balanced. Thus,
impedance of the DUT can be calculated from the ratio of voltages and resistance Rr:

Zx =
Vx

Vr

Rr, (3)

with the assumption that impedance remains linear over the applied voltage range. Con-
sequently, if a significant voltage difference is detected, the bridge is not yet balanced and
a feedback loop or a digital algorithm recalculates the excitation voltage. Either voltage
could be adjustable but here, Vx is chosen as the variable voltage, while Vr is the reference
voltage. Iterations are repeated until the bridge is determined to be at balance. [2]

Figure 3. The basic configuration of an auto-balancing impedance bridge.

The balancing loop can be performed with a simple operational amplifier as the null detec-
tor for low frequency applications. However, the limitations of the operational amplifier
are met at roughly 100 kHz. Higher frequency applications require additional compo-
nents, such as vector modulators and phase detectors to separately analyze the real and
imaginary components of the signal. The phase and magnitude of the signal are mod-
ulated and the compounded signal is fed back through the reference resistor. The basic
schematic of a wider range impedance meter is described in Fig. 4.
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Figure 4. Schematic of an impedance bridge suitable for a wide frequency range.

The excitation voltages have the same frequency, ω, but different phases and amplitudes,
A and B. Equation 3 can be expanded to:

Zx = Rr
B sin (ωt+ φ)

A sin (ωt)
= Rr

B

A
̸ φ, (4)

where φ is the phase shift between Vr and Vx. As shown in Fig. 4, signal Vr is split
into two components, an in-phase signal and a quadrature signal. With these components
included, Vr can be written as:

Vx = B sin(ωt+ φ) = B cos(φ) sin (ωt) +B sin(φ) cos(ωt). (5)

By assigning weights W0 and W1 for the in-phase and the quadrature signal as:

W0 =
B

A
cos(φ) (6)

and
W1 =

B

A
sin(φ), (7)

Vx can be simplified to:

Vx = W0A sin(ωt) +W1A cos(ωt). (8)
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Because the weights contain both the amplitude and phase of Vr, they can be used to
control the signal. The weights can therefore be adjusted in the balancing operation in
order to find the correct phase and magnitude which will balance the bridge and allow the
determination of the impedance of the DUT. An automated bridge requires an algorithm to
compute the right weights for convergence. Digital and partly digital impedance bridges
allow the application of more complex balancing algorithms and are gaining popularity,
for example, in impedance spectroscopy [13] [14].

2.4 LMS adaptive filter for impedance measurement

Least mean square (LMS) algorithms are the most widely used methods for auto-balancing
bridges due to their computational simplicity and robustness [5] [13] [15] . It is a popular
method when dealing in all areas of adaptive filtering. This section focuses on the LMS
algorithm from the perspective of a system identification problem, but various other ap-
plications are found in, for example, noise cancellation and filtering. LMS is a stochastic
gradient descent method, meaning that each gradient is a momentary approximation of
the error signal.

The basic application of an LMS algorithm can be formulated as a system identification
problem, where an input vector x(n) is applied to an unknown system and an LMS filter
as presented in Fig. 5. The filter coefficients for each sample n are w(n) and should
eventually converge to values that represent the characteristics of the unknown system.
The output of the unknown system d(n) is assumed to include a noise term v(n). The
difference between d(n) and the filter output y(n) produces an error term e(n).
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Figure 5. Block diagram of a general system identification problem.

In a stochastic gradient algorithm, new filter coefficients are estimated by following the
negative gradient of a cost function J(w). An optimal filter would calculate the gradient
using a cost function, defined as the expected value of e(n). However, in order to calculate
filter coefficients in real time, the expected value is replaced with estimates of determined
for each iteration:

J(w) = E{e2(n)} ≈ e2(n), (9)

where the error term e(n) can be written as:

e(n) = d(n)− y(n) = d(n)− wTx (10)

The conventional LMS algorithm, also called the Widrow-Hoff algorithm, utilizes the
steepest descent method and thus iterations are calculated according to:

w(n+ 1) = w(n)− µ

2

∂e2(n)

∂w
= w(n) + µe(n)x. (11)

Variable µ is the step-length of the iterations and affects the convergence speed and ac-
curacy of the algorithm. The step-length is typically adjusted to the maximum possible
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value in order to increase the speed of the program.

When applying this model to impedance measurements, the changes in the signal phases
increase the complexity of the algorithm. A more detailed derivation can be found in [16]
and [13], with the help of more elaborate explanations for the LMS algorithm in [17] [18].
In this case, the error voltage at instant t would be defined as:

e(t) = Vr(t)− Vx(t) = β1A sin(ωt)− β2[W0A sin(ωt) +W1A cos(ωt)], (12)

where coefficients β1 and β2 are derived from the ratio of the impedances:

β1 = |β1 |̸ θ1 =
Rr

Zx +Rr

(13)

β2 = |β2 |̸ θ2 =
Zx

Zx +Rr

. (14)

Furthermore by combining Eq. 12 with Eq. 11, the updating algorithms for each weight
W0 and W1 can be written with some additional variables:

W0(n+ 1) = W0(n)− µA|β2|e(t) sin(ωt+ θ2) (15)

W1(n+ 1) = W1(n)− µA|β2|e(t) cos(ωt+ θ2). (16)

Variable θ2 is an additional phase shift, which depends on the magnitude of the unknown
impedance and can thus be estimated beforehand since the approximate magnitude is
typically known:

θ2 = ̸
Zx

Zx +Rr

. (17)

In summary, the LMS adaptive filter enables a basic, low complexity balancing algorithm,
but requires a priori information for parameters such as, µ and θ2, which are specifically
estimated for the system and the impedance range the filter is applied in. Numerous al-
gorithms have been derived from the Widrow-Hoff algorithm in effort to improve e.g. the
speed of convergence or stability for different applications. For example, simplified LMS
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algorithms, such as the sign LMS algorithm, aim to further reduce the computational load
of the algorithm by quantizing signals. Furthermore, normalized LMS methods typically
increase the speed and stability of the algorithm. Naturally, all LMS variations have their
trade-offs. [15] [18] [17]

2.5 Equivalent circuit models

In order to extract the desired parameters, such as capacitance and resistance, from mea-
sured impedance, a circuit model has to be selected as a base of calculations. The equiv-
alent circuit models are simpler approximations of the more complex real world circuits.
A basic model consists of passive series or parallel components, i.e. typically resistance,
capacitance, and inductance, which model the actual impedance of components and para-
sitics, such as leakage and stray impedances. A two-element model is a common solution,
since even a third element increases complexity significantly. However, a more complex
model may be required if e.g. inductive components have a notable effect. When ex-
tracting capacitance and resistance, the options are parallel (CpRp) and series (CsRs)
capacitance and resistance components. Only in special cases, such as resonance, the two
models may yield the same results. An appropriate circuit model must be chosen accord-
ing to DUT structure and measurement frequency. [2] In general, the series resistance
represents stray resistances, while parallel resistance is related to leakages. Neither tend
to depict the actual resistance exactly due to nuances and nonlinearities in the system. [19]

2.6 Compensation

Among other required calibration procedures, a crucial step required for most impedance
meters is the compensation for additional impedances and other residuals caused by ex-
ternal fixtures. A circuit with parasitic series and parallel impedance is depicted in Fig.
6.

Figure 6. Parasitic impedance.
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Even commercial meters can also be calibrated only up to the meter terminals, requiring
further compensation of any fixtures added past the terminals.

One of the most widely used compensation methods is the three-standard compensation,
where three impedance standards are measured with the meter and the compensation co-
efficients are then calculated based on the known values and the measured values. To
simplify calculations and the number of reference impedances required, an open circuit
ZO and a shorted circuit ZS are used as two of the standards, with the aim of correcting
any bias in the system. In addition, one load impedance ZL is used. This open-short-load
(OSL) method allows the assumption where the impedance of an open circuit is infinite
and the impedance for a short circuit is zero, reducing the equation to:

ZX =
(Zm

L − Zm
O )(Zm

S − Zm
X )

(Zm
L − Zm

S )(Zm
O − Zm

X )
ZL, (18)

with ZX referring to the unknown impedance and superscript m denoting measured val-
ues. The load impedance typically compensates gain errors and generally sets the opti-
mal range for impedance measurements. The compensation procedure may have to be
conducted again if the test fixtures are altered or variables within the system, such as
frequency, or environmental variables, like temperature, change. Fig.7 depicts the ef-
fectiveness of OSL compensation and how it is related to the chosen load impedance.
The further the DUT’s impedance is from the standards, the greater the remaining error
becomes. [1] [2]

Figure 7. Illustration of the OSL compensation effectiveness. [2]
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3 INERTIAL MEMS SENSORS

Inertial MEMS sensors are miniaturized structures that utilize mechanical and electri-
cal phenomena to provide feedback on the exterior forces acting upon them. They are
characterized by their micro- to nanometer scale and their exceedingly low power con-
sumption, low cost, and high stability and accuracy when it comes to sensors. [7] This
chapter briefly introduces the history of MEMS sensors and provides a short overview of
basic working principles of capacitive accelerometers and gyroscopes. In addition, the
fabrication process and the purposes of impedance tests are discussed.

3.1 Development of MEMS sensors

Despite operating on simple principles, inertial MEMS devices have had a fairly short yet
rapid history. Angular-rate sensors, also known as gyroscopes, precede accelerometers
by roughly a century. One of the early gyroscopes was Foucault’s pendulum, which was
able to detect the rotation of the Earth. Both the pendulum and the first spinning-top
gyroscopes that more closely resembled modern devices were introduced in the 1850s.
By the 1900s, gyroscopes were already widely used in compasses and stabilizing systems.
Miniaturized designs were introduced in the 1960s with, for example, the tuning-fork
gyroscope, which utilizes two masses driven to resonance [20].

Accelerometers, on the other hand, had very few applications before MEMS; earliest uses
being simple acceleration switches. Some commercial accelerometers were developed
between the 1920s and 1940s, which deployed different principles, such as a Wheatstone
half-bridge, strain-gauge transducers, and finally the piezoelectric transducers. Piezoelec-
tric accelerometers achieved a wide range of applications from seismology to transporta-
tion. [6]

Sensors entered the MEMS realm soon after the invention of integrated circuits and the
resonant gate transistor [21], which was the first demonstration of a MEMS device and
surface micromachining, occurred in 1964. A number of significant advances in etch-
ing, deposition, doping, and other micromachining technologies were required before the
commercialiaztion of MEMS applications. As mass production became increasingly vi-
able, commercial MEMS components began flooding the market in the 1980s. The first
accelerometers for airbag systems were introduced by Analog Devices in 1991. At first,
gyroscopes only contained micromachined parts, but eventually complete MEMS gyro-
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scopes were developed, likewise with applications largely for the automotive industry. [6]

At the moment, inertial MEMS devices are used in a much wider scope of industries and
applications, such as robotics, aeronautics, automation, and consumer electronics. How-
ever, the automotive industry still remains the largest area of demand, especially with
new ventures, such as the emergence of self-driving vehicles, creating new markets for
sensors. MEMS sensors are predicted to offer vast opportunities in rapidly growing tech-
nology trends, such as IoT, wearable devices, and virtual reality. Constant advancements
in micromachining, packaging, and bonding techniques are required to fabricate sensors
that are smaller, more efficient, more accurate, and more suitable for new types of appli-
cations. [22] [23] [24]

MEMS sensors can be designed to measure inertial forces, pressure, humidity, gas quality,
acoustic waves, or thermal effects using various phenomena for detection, such as capac-
itance, electromagnetic fields, piezoresistance, or piezoelectricity. Nonetheless, Murata
Electronics Oy focuses mainly on MEMS capacitive accelerometers and gyroscopes tar-
geted primarily for the automotive industry and industrial applications in, for example,
agriculture and aviation. A small amount of products are aimed for healthcare applica-
tions. [25]

3.2 Capacitive accelerometer

Capacitive accelerometers sense acceleration by combining a moving mass with plate
capacitors and springs. Acceleration is converted into the deflection of the mass and
measured as a change in the capacitance between the plates. A cantilever plate capacitor
is commonly used for z-axis sensing against a capping wafer, whereas comb structures
with multiple plate capacitors can be utilized for in-plane motion sensing. The relation of
capacitance and displacement in a simple plate capacitor can be described as

C =
εA

d− x
, (19)

where ε is permittivity, A is the overlapping area of the plates, and d is the neutral distance
between the plates in the cavity. In an ideal model, the external force F acting on the
mass and displacement x caused by the acceleration follows the second order equation of
a damped harmonic oscillator:
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m
∂2x

∂t2
+ b

∂x

∂t
+ kx = F = max, (20)

where m is the mass, b is the damping coefficient, and k is the spring constant.

Fig. 8 describes the spring-mass system of a single plate capacitor cell in a generic comb
structure. The seismic mass is attached to springs which suspend the mass in the structure
cavity and counter the displacement. Increasing the number of cells in the comb struc-
ture enhances the amplitude of the signal, decreasing noise with the trade-off of larger
dimensions. Comb structures have become more prevalent with the advancements in
bulk micromachining techniques. This example utilizes a differential capacitance method
where in a neutral state capacitances C1 and C2 are equal, and in motion the accelera-
tion in the direction of the sensing axis is calculated from the difference between the two
capacitances.

(a) (b)

Figure 8. Schematic of a mass-spring system in a differential capacitive accelerometer: (a) neutral
position; (b) under acceleration. [26]

Differential capacitance measurement compensates for nonlinearities in the structures and
phenomena such as thermal drifts. In Fig. 8, the capacitance difference is the result of
variations in the width of the comb gap; however, another option is to utilize the per-
pendicular movement and altering the overlapping area of the plates instead. Various
comb structures and cantilevers can be combined within a single accelerometer, creating
a complex structure with multiple axes for sensing acceleration. [6] [7]
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3.3 Capacitive gyroscope

Gyroscopes, on the other hand, sense angular acceleration via the Coriolis effect, which
dictates that a moving object in rotation experiences a force orthogonal to the direction of
movement and the axis of rotation. Thus, the Coriolis force FC can be denoted by

FC = −2m(Ω× v), (21)

where m is the mass of the object, Ω is angular velocity, and v is the velocity perpen-
dicular to the rotation. Consequently, unlike accelerometers, gyroscopes must be driven
into constant movement in order to sense angular rotation, which makes the mass-spring
structure slightly more complex. Early gyroscopes utilized constant rotation as the driving
mode, but modern MEMS gyroscopes are electrostatically driven into a vibrating mode.
In an ideal case, the drive mode of a simple vibrating gyroscope with a single mass and
two degrees of freedom can be described as a driven damped linear oscillator:

m
∂2x

∂t2
+ bD

∂x

∂t
+ kDx = FD sin(ωt). (22)

The secondary sense mode can be written as

m
∂2y

∂t2
+ bS

∂y

∂t
+ kSy = FC = −2m

∂x

∂t
Ωz, (23)

where x and y are the displacements of the drive and sensing electrodes, FD is the driving
force applied, ω is the frequency of the driving signal, and kD and kS are spring con-
stants. With capacitive gyroscopes, electrostatic actuation is used to drive the structure
into the primary motion. The force applied to the drive capacitor FD can be defined by
the excitation voltage U and the change in the drive capacitor CD:

FD =
1

2

∂CD

∂x
∂U2. (24)

The basic principle of the primary driving mode and the secondary sensing mode in a
capacitive gyroscope experiencing rotation around the z-axis is described in Fig. 9. The
primary mode is usually excited close to the resonance frequency for greater amplitudes.
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The angular velocity Ω is detected via the sensing mode, perpendicular to the driving
mode. Movement on the y-axis, induced by the Coriolis force, causes change in the
capacitance of a comb or a plate structure similar to the one described in the accelerometer
[6] [7]:

C = ε
h

d
x. (25)

Figure 9. The working principle of a capacitive gyroscope [27].

There are various general types of implementing a vibrating gyroscope, including vibrat-
ing ring gyroscopes, gimbal gyroscopes, and tuning fork gyroscopes, which are the most
ubiquitous design. [28] [24] One case of designing and implementing of a vibratory gy-
roscope system with its circuitry is extensively described in the doctoral dissertation of
Saukoski [29]. The dissertation includes detailed analysis of, for example, the principles
of operation, dynamics, and issues, such as nonlinearities.

3.4 Silicon MEMS structure and fabrication

The numerous trade-offs between desired parameters of sensors are carefully designed for
each application, resulting in each MEMS element requiring a highly specified fabrication
process, not to mention the variations between different manufacturers. This section is
meant to provide a general overview to better understand where, for example, process
variations visible in impedance measurements originate.
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Silicon is by far the most common semiconductor material used for MEMS devices due
to its abundance, low cost, low elastic deformation, and electrical and chemical prop-
erties. MEMS sensors are bulk manufactured typically from three silicon wafers. Fig.
10 demonstrates an example of the structure of a MEMS sensor element. Silicon MEMS
sensor elements typically consist of a handle wafer, a capping wafer, and a structure wafer
sandwiched between them. Hundreds or thousands of individual MEMS dies are diced
from a single bonded wafer and packaged into sensors. The structure wafer contains the
masses, combs, and springs that respond to the inertial forces. The handle wafer and the
cap wafer act as supporting structures with insulation and electrode pads for bonding and
testing, while also forming a hermetic seal for the gas filled cavity. [6]

Figure 10. Example of a silicon MEMS structure. [30]

In its core, the micromachining process consists of steps of cleaning the substrate, deposit-
ing certain materials on a substrate and removing it, so that desired patterns and structures
remain. This is done via methods such as vapour depositions, lithography, doping, etch-
ing, and wafer bonding. Finally, dies are diced and packaged into sensor components.
Processing methods are carefully chosen to achieve desired structural shapes and quali-
ties while balancing with cost, time, and complexity. Lithography and etching are vital
when it comes to sensor dimensions, aspect ratios, and surface roughness. Bonding on
the other hand defines, for example, the quality of the cavity sealing and damping.

Imperfections are always present in any manufacturing process and cannot be completely
avoided. Manufacturing flaws such as asymmetric structures can cause cross-coupling,
nonlinearities, and unwanted electrostatic forces and torques within the element. Thus
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the sensor’s response can become skewed or unstable, in some cases resulting in com-
plete failure. Structural imperfections can also decrease the sensor’s ability to withstand
shocks and vibrations. The spring structures are especially sensitive to structural defects,
material abnormalities, and stress due to their small dimensions. Further issues that can
affect sensor performance caused by imperfections are, for example, nonlinear damping,
misalignments, and unwanted stresses caused by anchor and spring structures. [6] [31]

3.5 Electrical characterization of MEMS devices

Packaging and testing create a major part of MEMS fabrication costs. Wafer-level test-
ing can reduce the cost of packaging by eliminating faulty MEMS dies early, and it is
often more inexpensive than the testing of fully packaged sensors. [32] Wafer-level test-
ing can also provide flexibility for designing new sensors and manufacturing processes.
Impedance measurements are key in characterizing capacitive MEMS dies, determining
possible fabrication imperfections, and simulating the functionality of the sensor. [33]

Static impedance measurement is performed without any bias voltage and electrostatic
actuation to detect the capacitance when the MEMS sensor is at rest. This value provides
information about the structure and gap depth and to reveal possible defects such as asym-
metries and short circuits. The series resistance component characterizes the quality of
the mechanical contact to the element and the contacts within the layers of the element
structure.

Moreover, impedance measurements are useful for simulating a sensor’s response to in-
ertial forces. Especially in wafer-level testing, it may not be feasible to devise a mea-
surement system to test the elements in motion but rather via electrostatic actuation of
the element mass as described in Eq. 24. Capacitance-voltage measurements (C-V) are
commonly used in semiconductor device characterization to measure the dynamic func-
tionality of a device. C-V curves are crucial in accelerometer testing when simulating
acceleration. A triangular bias voltage signal pulls the element mass to both extremes
from the neutral position while measuring the capacitance at small intervals. Various
parameters calculated from the C-V curve, including pull-in voltages, indicate structural
properties, such as hysteresis and spring constants. In addition, defects such as asymme-
tries, stiction, and particles in the gap can be detected. [34] [35]

Naturally, impedance measurements are also affected by external disturbances. The sys-
tem may experience unideal conditions with, for example, electrical contacts to the MEMS
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element or various hardware failures. In addition, environmental noise, resonances, and
distortion caused by parallel channels and other signals in the same frequency range can
affect measurements and thus, a highly controlled environment and precise measurement
set-up is required.

3.6 Multi-channel testing

Advantages of a probing system that allows the simultaneous measurement of multiple
elements are at least threefold. Naturally, the speed at which a single wafer can be probed
increases significantly depending on how many parallel measurement are conducted. This
decreases the costs of testing overall. Finally, a multi-channel system may provide bene-
fits when detecting failures, since channels can be compared among themselves. However,
a more complex system is at disadvantage with the increasing number of failure sources
and usually requires careful tuning between the channels.
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4 MEASUREMENT SYSTEM

A full probing system for MEMS wafer-level impedance tests is a complex combination
of equipment which, for example, handles measurement commands and data, conducts
measurements, and controls the wafer. The set-up utilized in this work consists mainly of
a digital impedance meter, a wafer prober, a client PC, and their peripheral electronics.
This section provides a brief description of the most relevant sections of the system.

4.1 FPGA based digital impedance bridge configuration

The meter used in the experiments is a digital auto-balancing impedance bridge designed
at Murata Electronics Oy. This section largely summarizes this design the design param-
eters are elaborated in Sirrola’s thesis [16], which focuses on the design, simulation, and
tuning of the crucial parameters of the proposed device. Sirrola’s work also evaluates
the feasibility of the DIB on its own by utilizing standard capacitors, while in this study
the aim is to provide an evaluation with a full probing set up and MEMS elements as
DUTs. Furthermore, the previous study did not evaluate the capability to measure series
resistance, focusing solely on capacitance. The accuracy of capacitance measurements
without any additional test fixtures was found to be within 5.8σ of the 1% target.

The main purpose of the LCR designed bridge is to provide more specialized testing and
to lower production costs by replacing four commercial impedance meters with a single
DIB, which is capable of measuring four DUTs simultaneously. Additional objectives
include flexibility and possibility to integrate with other company specific hardware. The
LCR meter is implemented on a printed circuit board (PCB) in order to integrate it into a
pre-existing hardware stack system. The DIB is controlled and powered with the hardware
stack, which also sends commands to the LCR board and acquires the measurement data.
The DIB should be capable of conducting impedance measurements with sufficient ac-
curacy, reliability, and speed. In the MEMS industry, the measurement range is typically
in the picofarad range. The required measurement frequency for 1pF MEMS elements is
generally around 1MHz in order to avoid resonances within the element. Most previous
studies discuss DIBs with lower frequencies or longer measurement times that would be
insufficient for MEMS testing [36] [13] [37].
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4.1.1 LCR meter components

The bridge is implemented on a Xilinx FPGA module to match signal processing require-
ments for a high frequency application with, for example, reduced delays compared to a
full software application. An FPGA based device has the advantage of reprogrammable
logic, which is convenient for development projects and far more cost-effective and flex-
ible than microcontrollers or ASICs. Fig. 11 describes the basic structure of the LCR
board and its main components. The direct digital synthesizers (DDS), DDS1 and DDS2,
which generate the excitation signals, and the LMS algorithm, and vector modulator are
implemented on the FPGA module.

Figure 11. LCR meter board block diagram.
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In addition to the FPGA logic circuit, the digital segment consists of analog-to-digital
(AD) and digital-to-analog (DA) converters for interfacing the drive and null AC signals
and DC bias signal. Low-pass filters are also required for the converters. Bit-lengths
defined for the ADCs, DACs and in the FPGA logic are an important factor in regard to
signal resolution and noise.

Fig. 11 presents the configuration for a single LCR channel. However, the instrument has
the capability for multiplexing signals into four separate channels, thus allowing up to
four DUTs to be measured at once. All channels are controlled in parallel on the FPGA,
though each has its dedicated DDSs, ADCs, DACs, filters, gain selection, and other re-
lated hardware. The analog section on the LCR board includes a reference resistor with
a few selectable values ranging from 100Ω to 600kΩ. At its current state, the LCR board
utilizes a three terminal measurement, where two separate terminals feed the excitation
signals and one terminal is used for sensing.

4.1.2 Bridge balancing operation

The balancing operation of the bridge functions as described in section 2. DDSs generate
sine and cosine excitation signals to account for the in-phase and quadrature signals, while
the LMS algorithm feeds new weights to the vector modulator with each iteration, creating
a feedback loop on the null side. Most essential parameters chosen for the measurement
sequences are listed in Table 1 with the default values used in the experiments discussed
in this work. Of course, these parameters will likely require reconfiguration for another
system or a very different DUT.

Table 1. Key LCR measurement parameters.

Parameter Value

Rr 60kΩ
µ 8000
θ2 230◦

W0,W1 (0,0)

In addition, frequency and amplitude of the excitation voltages are chosen by test, DUT,
and, system. Frequencies should be close to 1MHz but must be staggered among channels
to minimize interferences. Voltage amplitudes are typically defined in test specifications



32

and are optimized for each MEMS type. Furthermore, parameters significantly defining
the test time, such as aperture, number of averages per test point, and settling time between
measurements, are tuned to obtain accurate measurements within a reasonable probing
time.

4.2 DUT interfaces

There are various ways DUTs can be connected to the LCR meter. A single DUT can
be connected to the LCR board with two SMB cables, similar to the diagram in Fig. 11.
Hc and Lc terminals provide the excitation signals while detection occurs through Lp ter-
minal, making it a three terminal measurement system. However, an additional breakout
board is required to provide individual connectors for all four meter channels, enabling up
to four DUTs to be measured simultaneously. A singular MEMS element typically con-
tains more than one capacitor structure that is measured and thus, a more complex setup is
required in order to switch between them. Fig. 12 describes the components of a probing
system for wafer-level testing. Despite the multi-channel configuration, connections for
only one channel and one route are depicted for simplicity.
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Figure 12. Wafer-level probing system with LCR board.

The LCR board is attached to the hardware stack, which handles communication with the
client PC, sending measurement commands to the meter and data to the client. Test signals
from the meter are split at the breakout board, from which each channel is connected to
its dedicated interface board. When it comes to impedance measurements, the excitation
signal route is switched on the interface board depending on which capacitor structure
of an element is being tested. In Fig. 12 two of these routes, R1 and R2, are marked as
an example. Sensing is always carried out through the mass electrode, M1, and thus the
route remains the same. All routes from each interface board are connected to the same
probe card. Cantilever needles on the probe card contact metal pads on the element as the
prober moves a wafer under the needles.
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4.3 Testing software

The prober, relays, LCR meter, and other test equipment are all controlled with a LabVIEW-
based software developed at Murata Electronics Oy. The software is designed specifically
for wafer probing with the hardware described in this chapter and required external equip-
ment. The prober, which moves the wafer into electric contact, is controlled by this soft-
ware. It also provides a user interface for element testing with, for example, a wafer map
of the elements under test. Key functionalities include handling measurement commands
and data while also providing a database connection for acquired data.



35

5 METHODS AND MATERIAL

This chapter focuses on the statistical method of Gage repeatability and reproducibility
(R&R), which is used in this study as the means of validating the measurement system.
In addition, this section elaborates on the gyroscope elements used as the test material in
the experiments.

5.1 Gage R&R study

Gage R&R is a widely used measurement system analysis (MSA) method of quantifying
and monitoring the quality of a measurement system, i.e. a gauge. It is used to validate
measurement systems prior to use in order ensure that the system is capable of required
precision and accuracy. In addition, Gage R&R studies are performed when changes are
made in the system or if there is any reason to suspect the measurement capability of the
system.

While a Gage R&R study estimates the random variation in the system, a full MSA usu-
ally includes characterization bias and linearity, which measure the systematic error of the
instrument. There are multiple methods that can be used to evaluate variation in a Gage
R&R, with one of the most common techniques being the analysis of variance (ANOVA).
The total variability in a process is comprised of variance, σ2, present in the parts mea-
sured and also variation within the gauge:

σ2
Total = σ2

Part + σ2
Gauge. (26)

A crossed Gage R&R study utilizes multiple operators, that measure the same parts. Usu-
ally the term operator refers to persons using the same gauge to replicate measurements,
however in this work each meter channel is viewed as an operator. A crossed Gage R&R
study aims to differentiate between variation within the gauge, repeatability, and variation
caused by different operators, reproducibility. Thus, the total gauge variance is a sum of
the two:

σGauge = σ2
Repeatability + σ2

Reproducibility. (27)
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The difference between repeatability and reproducibility is visualized in Fig. 13, where a
single curve represents all measurements of a single part from one instrument. Repeata-
bility, or equipment variation, describes the variation present in repeated measurements
conducted with a single measurement system. On the contrary, reproducibility refers to
deviations across all operators, calculated from the mean values for a part measured with
each operator. Naturally, a Gage R&R that has only one operator does not evaluate repro-
ducibility.

Figure 13. Illustration of repeatability and reproducibility.

Each component of variation, is calculated from the mean squares of data sets, in other
words, the sum of squares (SS) divided by the degrees of freedom (DF). Degrees of free-
dom in this case means, for example, the number of parts or operators. Variation due to
repeatability is simply the mean square (MS) of repeatability:

σ2
Repeatability = MSRepeatability =

SSRepeatability

DFRepeatability

, (28)

When assessing reproducibility as a source of variation, the effect of different operators
and also the interactions between operators and parts are taken into account. Variation
caused by operators and parts are calculated with regard to the number of measurement
repetitions n, number of parts a, and the number of operators b. In addition, variation at-
tributable to interactions between operators and parts, σOperatorPart is assessed to separate
it’s influence on the the aforementioned parameters. Further details on ANOVA tables
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can be found for example on the Minitab website [38], however the main formulas are the
following:

σ2
Reproducibility = σ2

Operator + σ2
OperatorPart, (29)

[38]

σ2
Operator =

MSOperator −MSOperatorPart

an
, (30)

σ2
OperatorPart =

MSOperatorPart −MSRepeatability

n
, (31)

σ2
Part−to−Part =

MSPart −MSOperatorPart

bn
. (32)

Total Gage R&R is comprised of the variation components σ2
Repeatability and σ2

Reproducibility,
while the total variation of the process also includes σ2

Part−to−Part, which should usually
be the largest contributor if the measurement system is adequate. Percentages of contri-
bution are calculated for every variance component in relation to total variation and they
sum up to 100%. In order to relate variation of the gauge to predetermined process limits,
a tolerance percentage is calculated as:

%Tolerance =
6σGauge

Tolerance
· 100, (33)

where Tolerance is the tolerance interval of the specification limits. The 6σ of σGaugeis
used to relate the full range of measurement system variation to the process limits, since
6σ accounts for 99.99966% of total variability in a normal distribution. The tolerance
percentage is frequently used to determine whether the measurement system in use ful-
fills accuracy requirements. Typically, gauges with tolerance percentages under 10% are
accepted for use, while above 30% would be deemed unacceptable. Percentages between
10% and 30% can be interpreted as a conditional pass if there are enough grounds to
determine the system measurement capability as adequate.
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5.2 Material

The test material used in the experiments is a type of capacitive Z-axis gyroscope. The gy-
roscope contains 11 different capacitor structures, each having individual tolerance limits
for capacitance and series resistance, and other test parameters. Capacitors are labelled
from C1 to C11 and their series resistances are marked with R. The capacitances vary
within the range of 0.2pF and 3pF. Capacitance scales of individual capacitors are pre-
sented in Table 2.

Table 2. Approximate capacitor sizes of the gyroscope used in the experiments.

Capacitor Size [pF]

C1 3.0
C2 1.8
C3 1.2
C4−6 1.1
C7 0.7
C8 0.6
C9 0.5

C10−11 0.3

The number of averages in a single measurement iteration was chosen to match the mea-
surement time of the current system configuration. The time is typically optimized so
that repeatability is reliable but measurement time is as short as possible. In this case, the
time coincides with the size of the capacitors as smaller capacitors tend to require longer
measurement times for stable enough results. Capacitors C1 − C6 are measured over 10
averages, with the exception of C1 taking the average of two such repetitions, 700 aver-
ages are used for C7 − C8 and 1800 for C8 − C11. In this work these are also labeled as
the short, medium, and long measurement apertures.

For the Gage R&R studies, 20 to 25 elements were measured from a wafer. Two different
wafers of the same type of gyroscopes were utilized in single-channel and multi-channel
experiments. Three replicates were measured from each element in each study. Faulty
elements, or elements with flaws that would not affect static capacitance measurements,
were used in order to acquire stable results with minimal outliers.
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5.3 MEMS element specifications

The tolerance limits used for the Gage R&R are the electrical testing specifications de-
fined for each type of element. They are largely based on the element design specifications
which set define the functional range of the MEMS. Limits for electrical test parameters
are derived with the purpose of catching any outliers or malfunctioning elements and en-
suring the intended range of functionality. In addition, the measurement capabilities of
test systems are accounted for. All sensors must fulfill criteria set by the safety standards
of, for example, the automotive industry.
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6 EXPERIMENTS AND RESULTS

This section entails a description of the experiments conducted for this thesis and the
acquired results. The experiments consist of a small study on OSL compensation effec-
tiveness and of four different Gage R&R studies. The Gage R&R studies are split into
single-channel and multi-channel experiments, both containing two sets of results. The
first part of each study evaluates solely the performance of the LCR board. The second
part compares the LCR board with a Keysight E4980A meter by joining measurement
results from both instruments into a crossed Gage R&R study. The commercial meter
utilizes a similar auto-balancing bridge measurement principle and has a basic impedance
accuracy of 0.05% [39]. Static series capacitance and series resistance are evaluated in
each study, although capacitance is regarded as the more crucial parameter. Gage R&R
tolerance percentages are color coded in result tables with green indicating below 10%,
yellow 10-30%, and red above 30%.

6.1 Reference measurements after OSL compensation

The effectiveness of OSL compensation where a 1pF calibrated capacitor is used as a load
was tested with a set-up consisting of the LCR hardware stack, a breakout board, and an
interface board. The procedure was completed for one signal route, and then the reference
capacitor was measured with the short, medium, and long apertures using 100 repetitions
per test. A signal frequency of 998kHz and a voltage of 1.4V was used. Results are
compiled in Table 3, where the average value and standard deviation over 100 repetitions
are presented. Each test reaches an average capacitance close to 1pF, with an average
error of 0.036%. The average series resistance varies from -10.8Ω to 23.1Ω. Ideally the
resistance should be as close to zero as possible. While the standard deviations all remain
under 1fF, there is an increase in deviation between the shortest measurement time and
the longer ones. However, the difference between the medium and long apertures is not
significant in this case.
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Table 3. Mean and standard deviation of 1pF reference capacitor after OSL compensation.

Average Standard Deviation

Aperture C [pF] R [Ω] C [pF] R [Ω]

Short 1.00039 -10.8 0.00071 132.9
Medium 1.00034 16.0 0.00024 26.5

Long 1.00036 23.1 0.00023 18.5

6.2 Single-channel Gage R&R

The experiments were first conducted with one out of the four LCR board meters active.
The aim was to gauge the capabilities of the meter without any possible interferences
caused by parallel channels. Single-channel wafer measurements were conducted with
the test frequency of 992kHz and an AC voltage of 0.5V and carried out in a similar
fashion with a Keysight E4980A meter while the probing system was kept as identical as
possible. OSL compensation was carried out for both instruments, individually for each
capacitor route at the same distance from the DUT. Measurements were repeated three
times on 20 DUTs. Results are presented for the LCR board alone and then crossed with
the E4980A results.

6.2.1 LCR board

Tables 4 and 5 contain key Gage R&R results for single-channel measurements with the
LCR board. The parameter column indicates the measured capacitance or series resis-
tance. The standard deviation, SD, of all sources of variation and the total Gage R&R tol-
erance percentage, %Tol, are tabulated. In essence, the percentage describes the gauge’s
contribution to the total variation in respect to tolerance limits defined for the element, as
described in section 5.1. It indicates the gauge’s qualification for measuring the parame-
ter within these predefined specifications. With a single operator, the tolerance percentage
represents the repeatability of the measurement system. Table 4 shows that standard de-
viation for measured capacitances is under 0.001pF and %Tol is well below the typical
10% acceptance limit.
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Table 4. LCR board single channel capacitance Gage R&R statistics.

Response SD [pF] %Tol
Gage R&R

C1 0.0008 0.5
C2 0.0008 0.7
C3 0.0007 0.9
C4 0.0006 0.7
C5 0.0008 1.0
C6 0.0007 0.8
C7 0.0004 0.5
C8 0.0003 0.5
C9 0.0002 0.5
C10 0.0003 1.0
C11 0.0002 0.8

Moreover, Table 5 indicates standard deviations of 15 to 388Ω calculated for the series
resistance, with significant variation between capacitors. Tolerance percentages fall above
30% for all capacitors except for R1 and R7. Only R1 remains below 10%.

Table 5. LCR board single channel series resistance Gage R&R statistics.

Response SD [Ω] %Tol
Gage R&R

R1 15.5 8.4
R2 40.8 40.8
R3 82.3 49.4
R4 81.1 48.7
R5 82.4 49.5
R6 111.9 67.2
R7 74.1 27.8
R8 104.2 32.9
R9 136.8 32.8
R10 548.3 59.8
R11 388.3 42.4
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Figures 14 and 15 compile Gage R&R results for capacitor 4 with typical graphs pro-
vided by Minitab statistical software. The Components of Variation graph summarizes
the sources of variance with total Gage R&R, repeatability, reproducibility, and part-to-
part variation. In general, part-to-part variation should dominate in an adequate measure-
ment system. Reproducibility is zero because there is only one operator in this study. The
range within repeated measurements of a single DUT are plotted in the R chart to indicate
variability within the operator. In addition, all measurements are presented by element,
and the Xbar chart contains mean values per part. Upper and lower control limits (UCL
and LCL) are calculatated by Minitab for the R and Xbar chart to demonstrate estimated
variation. Points in the R chart should fall within these limits if the operator accuracy is
adequate while the Xbar limits should be very narrow compared to the mean values since
system variation should be considerably lower than variation by part. Finally, R and X

show the average range and mean across parts.

Figure 14. Single-channel Gage R&R graphs for capacitance C4.
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Figure 15. Single-channel Gage R&R graphs for resistance R4.

In addition to C4 and R4, statistics for two capacitors at the extremes of the capacitance
range, C1 and C10, are shown in figures A1.1 - A1.4. Figures 14, A1.1, and A1.3 demon-
strate excellent repeatability in the the capacitance measurements, with high part-to-part
contribution in variance, small sample ranges, and narrow control limits per mean values.
On the other hand, Fig. 15, A1.2, and A1.4 show significant variation in series resistance
measurements.

The figures also illustrate the trade-off in repeatability of resistance and capacitance as
their proportions change, despite the different measurement times applied. A very small
capacitor, such as C10, shows an average sample range of 0.0005pF while R for C1 is
0.0014pF. The opposite applies for series resistance, with a far wider range of 5893Ω for
R10, opposed to the the 160Ω R of R1.

6.2.2 Comparison of LCR board and Keysight E4980A meter

A crossed Gage R&R study is produced by combining measurements from a Keysight
meter and the LCR board, presented in the previous section, with the purpose of assess-
ing the LCR board against the commercial instrument. Tables 6 and 7 display results for
the crossed Gage R&R with individial tolerance percentages for repeatability and repro-
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ducibility, in order to elaborate the sources of variation in the total tolerance percentage.

Total tolerance percentages of capacitance in Table 6 range from 1.9% to 17.6%, with
larger capacitors on the higher end and smaller capacitors on the lower end of the range.
A similar trend can be noted for the standard deviation. The individual percentages for
repeatability and reproducibility reveal that reproducibility, which evaluates differences
in response levels between operators, is the main contributor of variance. The effect of
repeatability appears minimal, with a similar scale as in Table 4.

Table 6. Single-channel crossed Gage R&R statistics for capacitance.

Response SD [pF] %Tol %Tol %Tol
Gage R&R Repeatability Reproducibility

C1 0.0264 17.6 0.4 17.6
C2 0.0144 12.4 0.5 12.3
C3 0.0109 13.1 0.7 13.1
C4 0.0092 11.0 0.5 11.0
C5 0.0090 10.8 0.7 10.8
C6 0.0092 11.0 0.6 11.0
C7 0.0057 8.6 0.4 8.6
C8 0.0035 7.0 0.4 7.0
C9 0.0040 10.0 0.4 10.0
C10 0.0005 1.9 0.7 1.7
C11 0.0008 2.8 0.6 2.8

Table 7. Single-channel crossed Gage R&R statistics for series resistance.

Response SD [Ω] %Tol %Tol %Tol
Gage R&R Repeatability Reproducibility

R1 66.1 36.0 6.1 35.5
R2 81.9 81.9 29.5 76.5
R3 127.9 76.7 35.4 68.1
R4 197.9 118.8 34.9 113.5
R5 153.7 92.2 35.5 85.1
R6 200.8 120.5 48.7 110.2
R7 306.8 115.1 19.8 113.3
R8 472.5 149.2 23.4 147.4
R9 1036.9 248.9 23.3 247.8
R10 3480.4 379.7 42.3 377.3
R11 2451.7 267.5 31.8 265.6



46

Figures 16 and 17, and A2.1-A2.4 contain the key Gage R&R graphs, in this case with two
operators per graph. An additional response by operator box plot indicates the response
levels and possible outliers in all measurements from each operator. Furthermore, an
element-operator interaction chart compares average values per element by operator.

An offset between the two meters is visible for both capacitance and resistance, with the
LCR board measuring greater values than the commercial meter. This offset explains
the large contribution of reproducibility in variance, especially for the series resistance
which shows offsets that are a in a similar scale as the response. For example, response
levels in Fig.17 are roughly 200Ω for E4980A and 500Ω for the LCR board. On the other
hand, differences in capacitance levels are less significant, for instance, approximately
0.015pF for capacitor C4 in Fig.16. Besides the bias, the two meters seem to reproduce
the differences in capacitances between elements symmetrically. In addition, range graphs
show a wider range within repeated measurements on the LCR board. The large ranges
correspond to the notable repeatability percentages especially for series resistance values.

Figure 16. Single-channel crossed Gage R&R graphs for capacitance C4.
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Figure 17. Single-channel crossed Gage R&R graphs for resistance R4.

6.3 Multi-channel Gage R&R

In order to estimate the parallel measurement capabilities of the LCR board, a multi-
channel experiment was conducted with the four channels measuring four MEMS ele-
ments simultaneously. A different prober and probe card were used contrary to the previ-
ous experiment, however the key equipment described in 4 remained the same and a set of
four Keysight E4980A meters were used as a point of comparison. In addition, a longer
coaxial cable was used between the LCR board and breakout board due to spatial limita-
tions. To avoid interferences, the channels were set to frequencies of 992, 984, 972, and
960kHz, which are the frequencies in use for the commercial meters in the same system.
OSL compensation was carried out for all LCR board channels and all Keysight meters
individually, for each capacitor route at the same distance from the DUT. Measurements
were repeated three times on 25 DUTs.

6.3.1 Comparison of LCR board channels

LCR board channels are first evaluated amongst themselves because, ideally, the channels
should produce nearly identical results. In reality, slight differences are caused by factors



48

such as channel specific hardware, frequencies, mechanical contacts, and compensation.
Results from this crossed Gage R&R are presented in Tables 8 and 9. Figures 18, 19, and
A2.1-A2.4 display the corresponding graphics, where M1 denotes the LCR board.

Standard deviations of capacitances in Table 8 are under 0.01pF, roughly one order greater
than in the single-channel LCR board study. Similar to the single-channel crossed Gage
R&R, the reproducibility (3-8%) is the more significant contributor of gauge variance
than repeatability (0.5-1%). Total tolerance percentages remain under 10%.

Table 8. LCR board crossed Gage R&R statistics for capacitance.

Response SD [pF] %Tol %Tol %Tol
Gage R&R Repeatability Reproducibility

C1 0.0073 4.9 0.6 4.8
C2 0.0047 4.1 0.8 4.0
C3 0.0036 4.3 0.9 4.2
C4 0.0029 3.5 0.9 3.4
C5 0.0033 4.0 0.9 3.9
C6 0.0036 4.4 0.9 4.3
C7 0.0025 3.7 0.5 3.7
C8 0.0020 4.1 0.6 4.0
C9 0.0027 6.8 0.6 6.8
C10 0.0021 7.8 1.0 7.8
C11 0.0012 4.6 1.0 4.5

Table 9 displays standard deviation of series resistance ranging from 82.5Ω to 2312.4Ω,
with very high deviation particularly for the largest resistances. i.e. smallest capacitors,
R9 − R11. All of the total Gage R&R percentages are well over 30%, extending from
67.1% to 555%. Similar to the capacitance results, reproducibility is generally the more
prominent contributor to variance for most resistances compared to repeatability. How-
ever, the difference is far narrower and repeatability is the largest source of variation for
resistances of the roughly 1pF capacitors, R3 −R6.
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Table 9. LCR board crossed Gage R&R statistics for series resistance.

Response SD [Ω] %Tol %Tol %Tol
Gage R&R Repeatability Reproducibility

R1 177.6 96.9 10.1 96.4
R2 82.5 82.5 52.5 63.6
R3 111.8 67.1 53.9 39.9
R4 116.8 70.1 60.0 36.2
R5 142.1 85.3 58.8 61.8
R6 136.0 81.6 65.3 48.9
R7 140.7 52.8 36.2 38.4
R8 221.8 70.0 43.3 55.0
R9 2312.4 555.0 34.7 553.9
R10 1251.0 136.5 67.3 118.7
R11 1083.1 118.2 59.9 101.8

Graphs for capacitance C4 in Figure 18 show similar ranges for all four channels. Overall
average range is approximately 0.001pF or less across all capacitances. Compared to
the single-channel measurements, the ranges are slightly higher. Channel 3 exhibits a
noticeable bias compared to other channels, which have nearly identical levels. This
offset is also present in Figures A2.1 and A2.3, and is likely a significant contributor
to reproducibility percentages in this study. Differences in capacitances across elements
are produced quite identically by all channels. Furthermore, part-to-part variation is the
largest source of variation except for C10, where reproducibility is more significant, also
likely due to offset on channel 3.
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Figure 18. Multi-channel LCR board crossed Gage R&R graphs for capacitance C4.

Based on Fig. 19, mean values and ranges are fairly consistent among channels, though
Figures A2.2 and A2.4 show quite large biases. For example, there is a difference of 2kΩ
between channels 1 and 2 for R10. Moreover, the element-operator graph indicates that
the resistance of parts is not measured as consistently from channel to channel since the
lines do not coincide completely.
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Figure 19. Multi-channel LCR board crossed Gage R&R graphs for resistance R4.

6.3.2 Comparison of LCR board and four Keysight E4980A meters

The previous multi-channel test results are combined with results acquired from a similar
test conducted with four E4980A meters, each acting as one channel. Gage R&R statistics
from the E4980 measurements can be found from Tables A2.1 and A2.2. To summarize,
tolerance percentages of capacitance fall in the range of 0.5-3.1%. Resistance varies be-
tween 4.7-71.7%, with reproducibility being the most significant contributor. It should
be noted that in this crossed Gage R&R study, all channels from both instruments are
compared together, each as a single operator, not grouped by meter. Statistics are sum-
marized in Tables 10 and 11. Figures 20, 21, and A2.5-A2.8 contain the corresponding
graphs where the LCR board is marked as M1 and E4980A as M2, followed by a channel
number.

According to Table 10, standard deviation is quite proportional to the capacitor size, with
an average deviation of 0.0093pF. Reproducibility is again the most significant contrib-
utor to the total Gage R&R and increased compared to previous studies. Total tolerance
percentages remain under 10% for the five smallest capacitors, generally increasing with
capacitor size. Overall, the results highly resemble the crossed single-channel study (Ta-
ble 6).
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Table 10. Multi-channel crossed Gage R&R statistics for capacitance.

Response SD [pF] %Tol %Tol %Tol
Gage R&R Repeatability Reproducibility

C1 0.0269 17.9 0.5 17.9
C2 0.0156 13.4 0.6 13.3
C3 0.0105 12.7 0.7 12.6
C4 0.0095 11.4 0.7 11.4
C5 0.0098 11.8 0.7 11.7
C6 0.0092 11.1 0.7 11.0
C7 0.0058 8.6 0.4 8.6
C8 0.0047 9.4 0.5 9.4
C9 0.0059 14.8 0.5 14.7
C10 0.0026 9.7 0.8 9.7
C11 0.0015 5.6 0.8 5.5

The results for series resistance, Table 11, also follow a similar trend to the single-channel
comparison. However, standard deviation and variation due to reproducibility are consid-
erably more pronounced with total tolerance percentages varying from 87.9% to 832.4%.

Table 11. Multi-channel crossed Gage R&R statistics for series resistance.

Response SD [Ω] %Tol %Tol %Tol
Gage R&R Repeatability Reproducibility

R1 161.1 87.9 7.4 87.6
R2 125.3 125.3 38.8 119.2
R3 242.0 145.2 39.4 139.7
R4 267.9 160.7 44.6 154.4
R5 297.3 178.4 43.2 173.0
R6 312.5 187.5 50.6 180.5
R7 499.1 187.2 28.1 185.0
R8 763.0 241.0 33.2 238.7
R9 3468.4 832.4 26.1 832.0
R10 3942.9 430.1 50.9 427.1
R11 2937.7 320.5 46.2 317.1
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The Xbar chart and box plot in Fig. 20 indicate a distinct bias in capacitance levels
between the LCR board and the E4980A, which leads to high variance related to repro-
ducibility. However, the element-operator interaction chart shows that without the offset,
capacitances are measured similarly from element to element, regardless of the opera-
tor.Furthermore, the box plots do not show a significant difference in the range of all
measurements per operator. However, the R chart shows that the LCR board ranges are
on average at least twice as large as the commercial meter. On the other hand, ranges
closer to the LCR board can be seen on E4980A channels 3 and 4 in Fig. A2.7, with a
more significant offset on channel 2 as well.

Figure 20. Multi-channel crossed Gage R&R graphs for capacitance C4.

Figures 21, A2.6, and A2.8 compare the capabilities to measure series resistance. It can be
noted that there are also significant differences between the commercial meter channels,
especially regarding small capacitors. However, biases visible on the LCR board chan-
nels are more pronounced compared to E4980A. Furthermore, the measurement range
indicated by the box plots and the R charts show that the repeatability of the E4980A
is significantly smaller than of the LCR board. This is also visible from each meter’s
individual multi-channel Gage R%R statistics.
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Figure 21. Multi-channel crossed Gage R&R graphs for resistance R4.

6.4 Measurement error

The relative error of multi-channel LCR board capacitance and resistance measurements
was calculated using the Keysight E4980A as the reference value, demonstrating the dif-
ference between the two instruments. Table 12 presents the relative error percentages
of each capacitance, calculated from the average difference per element from the multi-
channel Gage R&R results, also shown in Tables A3.1 and A3.4. The average relative
error is 1.51% across all capacitors and channels. Channel 3 is notable as an constant
outlier compared to the other three channels, which also vary slightly among themselves.
Furthermore, capacitors C9 − C11 consistently deviate from the rest, with C9 showing
greater than average error. On the other hand, C10 and especially C11 tend to be measured
closer to E4980A values with error as low as 0.5%.
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Table 12. Relative error of capacitance compared to Keysight E4980A meters by LCR board
channel.

Relative Error %

Response CH1 CH2 CH3 CH4

C1 1.61 1.64 1.99 1.33
C2 1.46 1.59 2.02 1.38
C3 1.53 1.50 1.98 1.29
C4 1.51 1.47 1.89 1.29
C5 1.47 1.54 1.98 1.33
C6 1.33 1.50 1.98 1.21
C7 1.29 1.34 1.89 1.25
C8 1.29 1.20 1.84 1.31
C9 1.69 1.98 2.67 1.64
C10 0.95 1.58 2.49 1.07
C11 0.34 0.81 1.39 0.83

Table 13 displays a similar relative error calculated for resistance, with average values
of resistances tabulated in Tables A3.5 and A3.2. Relative measurement error of series
resistances R1-R8 ranges from 80% to 800%, with the average of 334%. Moreover, R10

and R11 error percentages are far greater on average, with a number of values above
1000%. R9 is an outlier with the LCR board measuring large negative series resistance,
especially on channel 3.
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Table 13. Relative error of resistance compared to Keysight E4980A meters by LCR board chan-
nel.

Relative Error %

Response CH1 CH2 CH3 CH4

R1 279.7 895.4 137.6 321.7
R2 233.9 82.1 148.8 304.9
R3 200.9 265.8 328.81 289.0
R4 193.5 236.9 340.3 448.8
R5 239.5 285.8 371.7 519.5
R6 429.9 320.2 451.5 471.6
R7 235.8 235.6 407.8 187.4
R8 345.0 344.5 830.8 334.1
R9 2268.0 1583.8 95549.3 1799.8
R10 852.7 3466.1 499.5 1067.8
R11 297.5 498.2 2821.9 988.2

The difference between the meters is further illustrated in Table 14, which is comprised
of relative phase angle errors, calculated from the capacitance and resistance values. Dif-
ferences in phase are on average between 0.05 - 0.5%, except for C9 and C10, which again
show a greater error among the channels. As depicted in Fig. 1, reactance and capaci-
tance are the vector components of impedance, and thus the phase angle describes their
relationship. From tables A3.3 and A3.6, its evident that with capacitances of such small
scale, the impedance consists almost solely of capacitive reactance and the phase angles
are very close to 90 degrees. Due to resistance being only a minute portion of the total
impedance, it is far more sensitive to even to small variations in the phase angle and the
overall noise present in the meter. Thus, the differences in phases directly correspond
to the relative error of resistance. On the contrary, the error of capacitance levels would
correspond to differences in the magnitude of the total impedance.



57

Table 14. Relative error of phase angle compared to Keysight E4980A meters by LCR board
channel.

Relative Error %

Response CH1 CH2 CH3 CH4

θ2 0.19 0.36 0.06 0.09
θ1 0.19 0.05 0.08 0.11
θ3 0.18 0.16 0.13 0.12
θ4 0.18 0.14 0.13 0.15
θ5 0.19 0.17 0.14 0.17
θ6 0.28 0.16 0.13 0.15
θ7 0.27 0.18 0.17 0.13
θ8 0.35 0.23 0.21 0.18
θ9 1.27 0.69 0.42 1.10
θ10 0.87 0.46 0.41 0.4
θ11 0.36 0.37 0.43 0.3

Significant sources of biases within LCR board channels and E4980A meters are likely
differences in the OSL compensation and signal routes. This is also visible in variation
in individual capacitors when measured with different channels, since compensation is
performed for individual signal routes for each capacitor and does not always produce ex-
actly the same results. Parasitics, such as contact impedances and stray impedances may
very between routes and channels. The repeatability of the compensation also depends
on the accuracy of the meter. Furthermore, the Keysight meter employs some additional
compensation methods, such as additional cable compensation for the Keysight test cable.
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7 DISCUSSION

7.1 Current study

Results from the Gage R&R analysis of the developed LCR board indicate that the me-
ter is capable of measuring the static capacitance of all capacitors of the chosen MEMS
gyroscope. The 6σ of total gauge variation divided by the specified tolerance ranges,
i.e. gage tolerance percentage, is under 10% for both single-channel and parallel channel
LCR board studies. The results also reveal difficulty achieving acceptable repeatability
and reproducibility for measuring series resistance within specifications, with tolerance
percentages largely above 30%, especially when measuring with parallel channels. When
comparing the single-channel and parallel channel measurements, the repeatability per-
centages of capacitance measurements increased a maximum of 0.2%. A more notable
change is visible in the repeatability of resistance, with an average increase of 7.5%. How-
ever, the results are not completely comparable due to some changes in the setup. The
LCR board demonstrates capability for reasonable reproducibility among parallel chan-
nels, despite channel 3 that was noted as an outlier in this study and is likely a large
contributor to reproducibility. The main source of variance is reproducibility for both ca-
pacitance and resistance. Although, the contributions repeatability and reproducibility of
resistance are nearly equal for some responses.

In the comparison of the LCR board with the Keysight E4980A meter, the crossed Gage
R&R percentages increase significantly, but percentages of capacitors remain under 20%,
with a few still below 10%. It is evident that the LCR board does not quite achieve vari-
ances as low as the E4980A, despite being within the capacitance tolerance limits on its
own. Reproducibility is again by far the more significant contributor since there is a no-
table bias between the two instruments. The bias is also quantified by the measurement
error calculations, which give an average of 1.51% relative difference in capacitance lev-
els. However, the error remains approximately constant from element to element for each
capacitor, and could thus possibly be compensated for.

When it comes to series resistance, the LCR board and the Keysight meters produced quite
different results, with poor reproducibility among channels and instruments. However, the
E4980A does not reach tolerance percentages below 10% or even 30% for all resistances
either, simply because measuring series resistance becomes increasingly challenging as
capacitances become smaller. This leads to the conclusion that in some cases, it is not
necessary to achieve Gage R&R tolerance percentages under 10% if the system is deemed
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adequate enough on special conditions. While both meters suffer from offsets between
channels when it comes to the smallest capacitors, the LCR board variance is multiple
times greater than that of the commercial meter.

A dependency of accuracy and the magnitude of capacitance and resistance is apparent
from the results. Due to the relationship of reactance and resistance, there is a trade-
off between the accuracy of the two parameters. As capacitance decreases, the share of
reactance out of total impedance increases while resistance becomes a less significant
contributor. This results in poor precision of resistance as the phase angle is increasingly
more sensitive to noise. Inversely, precision of capacitance measurements improves. The
intrinsic LCR board repeatability is likely affected by the specifications and limitations
related to the meter configuration and design, for example, the digital resolution and filters
utilized for noise reduction.

It is possible that the OSL compensation was not able to cancel out stray capacitances and
other unwanted effects especially on channel 3 due to large offset. A few individual signal
routes, such as R1 on channel two also exhibited offsets compared to other channels. This
could be for example, due to anomalities in the hardware or outliers in compensation
measurements. It should also be noted that the Keysight meters experience similar offsets
between meters, and these variations on both instruments can have an additional effect on
crossed Gage R&R percentages.

7.2 Future work

Future work should investigate the sources of large offsets between LCR board channels.
It is possible that they were observed due to differences in hardware and compensation or
they are more closely related to the characteristics of the meter. Furthermore, other items
of investigation should include the test parameters, such as step-length, theta and initial
weights, and whether they could be further optimized for general measurements and also
for the extraction of compensation coefficients, especially regarding the measurement of
series resistance. Increasing parameters, such as, the number of averages or settling time
before measurements would likely improve repeatability but feasibility of the measure-
ment time requires examining. Further research on noise reduction should be carried out
regarding factors, such as cross-talk, signal filtering and delays. In addition, providing
some shielding to the board could reduce potential external interferences.
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8 CONCLUSIONS

This thesis aimed to assess the applicability of a novel multi-channel impedance meter
developed at Murata Electronics Oy, with the purpose of wafer-level MEMS testing. The
instrument is an auto-balancing impedance bridge implemented on an FPGA logic and
contains four parallel meter channels in one electronics board, enabling simultaneous
measurement of up to four DUTs. Moreover, the LCR board is designed as a part of an
in-house measurement system hardware stack, utilizing existing hardware, for example,
for communication and allowing easy integration to current system.

Gage repeatability and reproducibility studies were conducted with a full probing system,
consisting primarily of the hardware stack, interface boards, a prober and a probe card, in
order to determine measurement capabilities of single-channel and parallel channel mea-
surements with the LCR board. In addition, corresponding data measured with Keysight
E4980A meters was compared to the LCR board in order to relate results to current prob-
ing systems. The capacitance and series resistance of a MEMS gyroscope containing 11
different capacitance structures were used as the measurement object. The Gage R&R
tolerance percentages, based on process limits and standard deviation of the gauge, were
the main evaluation parameters of system adequacy.

The results indicate that the instrument is capable of measuring all tested capacitances,
ranging between 0.25pF-3.1pF, within 6σ of the tolerance limits. This is true for both
single-channel and parallel channel measurements. The multi-channel configuration show
a small increase in repeatability, while reproducibility between channels was an signifi-
cant contributor to tolerance percentages. Biases among channels were detected, largest
ones likely resulting from differences in OSL compensation. When comparing the LCR
board to the commercial meters, a difference between the two instruments was also no-
ticeable. An error term calculated from average differences in capacitance between the
meters varied generally according to the magnitude of capacitance and was calculated to
be 1.51% on average.

The accuracy of determining series resistances proved less sufficient, with significant vari-
ation especially when evaluating the parallel channels and comparing to the E4980A. A
likely reason for poor accuracy is the phase resolution as small capacitors require very
high resolution to resolve series resistance. Repeatability could potentially be improved
with, for example, increased averaging. Further investigation on fine tuning the mea-
surement parameters, and the functionality of the software and firmware could enhance
precision and possibly decrease biases and variation.
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Appendix 1. Single-channel Gage R&R results

Figure A1.1. Single-channel Gage R&R graphs for capacitance C1.

Figure A1.2. Single-channel Gage R&R graphs for resistance R1.



Appendix 1. (continued)

Figure A1.3. Single-channel Gage R&R graphs capacitance C10.

Figure A1.4. Single-channel Gage R&R graphs for resistance R10.



Appendix 1. (continued)

Figure A1.5. Single-channel crossed Gage R&R graphs for capacitance C1.

Figure A1.6. Single-channel crossed Gage R&R graphs for resistance R1.



Appendix 1. (continued)

Figure A1.7. Single-channel crossed Gage R&R graphs capacitance C10.

Figure A1.8. Single-channel Gage R&R graphs for resistance R10.



Appendix 2. Multi-channel Gage R&R results

Figure A2.1. Multi-channel Gage R&R graphs for capacitance C1.

Figure A2.2. Multi-channel Gage R&R graphs for resistance R1.



Appendix 2. (continued)

Figure A2.3. Multi-channel Gage R&R graphs capacitance C10.

Figure A2.4. Multi-channel Gage R&R graphs for resistance R10.



Appendix 2. (continued)

Figure A2.5. Multi-channel crossed Gage R&R graphs for capacitance C1.

Figure A2.6. Multi-channel crossed Gage R&R graphs for resistance R1.



Appendix 2. (continued)

Figure A2.7. Multi-channel crossed Gage R&R graphs capacitance C10.

Figure A2.8. Multi-channel crossed Gage R&R graphs for resistance R10.



Appendix 2. (continued)

Table A2.1. Keysight E4980 multi-channel crossed Gage R&R statistics for capacitance.

Response SD [pF] %Tol %Tol %Tol
Gage R&R Repeatability Reproducibility

C1 0.0018 1.2 0.2 1.2
C2 0.0007 0.6 0.2 0.5
C3 0.0007 0.9 0.3 0.9
C4 0.0008 1.0 0.3 1.0
C5 0.0006 0.7 0.3 0.6
C6 0.0007 0.8 0.3 0.8
C7 0.0003 0.5 0.2 0.4
C8 0.0004 0.7 0.3 0.7
C9 0.0009 2.2 0.4 2.2
C10 0.0008 3.1 0.5 3.1
C11 0.0005 2.1 0.5 2.0

Table A2.2. Keysight E4980 multi-channel crossed Gage R&R statistics for series resistance.

Response SD [Ω] %Tol %Tol %Tol
Gage R&R Repeatability Reproducibility

R1 8.7 4.7 2.6 4.0
R2 23.0 23.0 12.3 19.5
R3 32.9 19.7 11.8 15.8
R4 50.0 30.0 13.2 26.9
R5 44.3 26.6 14.6 22.2
R6 38.3 23.0 15.1 17.4
R7 95.2 35.7 8.4 34.7
R8 127.9 40.4 9.7 39.2
R9 214.3 51.4 9.5 50.6
R10 448.2 48.9 15.8 46.3
R11 654.9 71.5 15.4 69.8



Appendix 3. Average values from multi-channel Gage R&R study

Table A3.1. Average capacitance values from multi-channel measurements with LCR board.

Average capacitance [pF]

Response CH1 CH2 CH3 CH4

C1 3.058 3.060 3.071 3.054
C2 1.796 1.798 1.805 1.795
C3 1.238 1.238 1.245 1.237
C4 1.144 1.144 1.149 1.143
C5 1.145 1.146 1.151 1.144
C6 1.117 1.118 1.124 1.117
C7 0.726 0.726 0.731 0.725
C8 0.606 0.606 0.610 0.606
C9 0.532 0.534 0.539 0.534
C10 0.265 0.265 0.269 0.266
C11 0.264 0.265 0.267 0.264

Table A3.2. Average resistance values from multi-channel measurements with LCR board

Average resistance [Ω]

Response CH1 CH2 CH3 CH4

R1 213.5 518.6 131.0 171.8
R2 385.0 235.8 304.7 346.7
R3 529.5 677.1 540.4 592.1
R4 601.1 689.4 567.5 686.5
R5 579.3 766.7 589.9 761.0
R6 765.2 716.7 571.6 697.6
R7 1323.1 1384.0 1153.0 1221.7
R8 1844.5 1908.7 1522.7 1667.4
R9 -5728.7 -4833.2 -3072.6 -8599.2
R10 9242.2 7012.2 7087.0 8472.4
R11 4554.7 6657.5 6088.2 6356.2



Appendix 3. (continued)

Table A3.3. Average phase angle calculated from multi-channel measurements with LCR board.

Phase [◦]

Angle CH1 CH2 CH3 CH4

θ2 -89.767 -89.433 -89.856 -89.813
θ1 -89.753 -89.849 -89.804 -89.778
θ3 -89.766 -89.701 -89.760 -89.738
θ4 -89.754 -89.718 -89.767 -89.720
θ5 -89.763 -89.686 -89.757 -89.689
θ6 -89.695 -89.714 -89.771 -89.722
θ7 -89.657 -89.641 -89.699 -89.684
θ8 -89.601 -89.587 -89.668 -89.639
θ9 -91.089 -90.921 -90.591 -91.639
θ10 -89.126 -89.336 -89.319 -89.197
θ11 -89.570 -89.371 -89.420 -89.400

Table A3.4. Average capacitance values from multi-channel measurements with Keysight E4980.

Average capacitance [pF]

Response CH1 CH2 CH3 CH4

C1 3.010 3.011 3.011 3.015
C2 1.770 1.769 1.769 1.771
C3 1.220 1.220 1.221 1.222
C4 1.127 1.127 1.128 1.129
C5 1.128 1.128 1.129 1.130
C6 1.102 1.102 1.102 1.104
C7 0.717 0.717 0.717 0.717
C8 0.598 0.598 0.599 0.598
C9 0.524 0.523 0.525 0.525
C10 0.262 0.261 0.263 0.263
C11 0.263 0.262 0.263 0.262



Appendix 3. (continued)

Table A3.5. Average resistance values from multi-channel measurements with Keysight E4980.

Average resistance [Ω]

Response CH1 CH2 CH3 CH4

R1 56.2 52.1 55.2 40.9
R2 115.3 129.4 122.5 85.8
R3 176.0 185.1 126.0 152.3
R4 204.8 204.6 128.9 125.1
R5 170.6 198.8 125.1 123.0
R6 144.4 170.6 103.7 122.3
R7 394.0 412.4 227.1 425.3
R8 414.5 429.4 163.6 384.2
R9 264.2 325.7 -3.2 505.9
R10 970.1 196.6 1182.3 725.1
R11 1145.7 1113.0 -223.7 584.0

Table A3.6. Average phase angle calculated from multi-channel measurements with Keysight
E4980.

Phase [◦]

Angle CH1 CH2 CH3 CH4

θ2 -89.927 -89.918 -89.923 -89.946
θ1 -89.940 -89.944 -89.941 -89.957
θ3 -89.923 -89.919 -89.945 -89.934
θ4 -89.918 -89.918 -89.948 -89.950
θ5 -89.931 -89.920 -89.950 -89.951
θ6 -89.943 -89.933 -89.959 -89.952
θ7 -89.899 -89.894 -89.942 -89.891
θ8 -89.911 -89.908 -89.965 -89.918
θ9 -89.951 -89.939 -90.001 -89.905
θ10 -89.909 -89.982 -89.889 -89.932
θ11 -89.892 -89.896 -90.021 -89.945
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